INTRODUCTION
One fruitful approach to the understanding of chargetransfer (CT) interaction in weak molecular complexes (EDA complexes) has been crystal spectroscopy at low temperatures. In this connection, single crystals of anthracene-trinitrobenzene have received considerable attention.l-4 Few other spectroscopic data 5 • 8 are available on single crystals of EDA complexes containing sym-trinitrobenzene (TNB) or 2,4,7-trinitrofluorenone (TNF) as the acceptors and aromatic hydrocarbons as the donors. The crystal structure, which has been detennined for a ntlmber of EDA complexes in this group,7 as well as thermodynamic data 8 support the interpretation that the molecular crystal consists of weak 1: 1 molecular pairs, so that to a first approximation we can discuss the crystal spectra in terms of the isolated molecular complexes.
This work uses pressure perturbations to study charge-transfer interactions in crystalline molecular complexes. Since the present high-pressure apparatus 9 is unable to provide purely hydrostatic pressures, this technique is limited to polycrystalline materials, which for light transmission are best dispersed in alkali halides. 10 The sodium chloride pressed pellet technique has been discussed in Part V of this series. lI Absorption and fluorescence spectra of TNB and TNF complexes in • The arguments for the increasing Stokes shift for the 0, 0 band can be extended to the respective band maxima, if the potential energy curves are similar for the two states. Experiment confirms Eq.
(1) for anthracene20 and pyrene. 18 In analogy to discussions of vapor-solution shifts,21 the relative effect of pressure on the CT absorption and fluorescence band maxima, i.e., Stokes shift, can be discussed in terms of potential-energy curves 22 appropriate for the electronic energy of the molecular complex and the surrounding solvent in its equilibrium configuration. kbar and some higher pressure P. It is seen that ARDA! < AR DA " due to the higher compressibility of the ground state. Both absorption and fluorescence spectra are displaced red for weak molecular complexes. The fact that RDA changes less in fluorescence than in absorption at a given isobar as well as the difference in the slopes of the final states (dUEldR>dUNldR) contribute to
Then increasing pressure produces a stronger complex with a smaller Stokes shift.23
The pressure shift for the CT absorption of a twocomponent weak complex in solution has been analyzed in terms of three contributions to the shift,U
where the subscripts identify the dative bond if;l(D+A-) and no bond structure if;o(D· •• A), respectively;24 S is the overlap of the donor and acceptor orbitals involved in the CT process, and 1 <k<20. Trotter 26 has attributed the large vapor-solution red shift in the absorption of EDA comp exes to the high CT "bond" compressibilityand successfully predicted the magnitude of the shift. It is then anticipated that changes in the first two terms of Eq. (3) predominate over the dielectric solvation of the molecular pair. For weak EDA complexes the magnitude of the second term is only about 5% relative to the first term, but
so that the blue-shift contribution from the second term representing CT resonance forces may reduce the overall red shift by a significant amount. This is especially true at the shorter R characteristic of the CT state
These inequalities are also applicable to the crystalline complex. 2 • 6 It follows from the more sensitive R dependence of the CT forces that the Stokes shift becomes smaller at higher pressures which is consistent with the above considerations of potential-energy surfaces. vibrational structure in the case of TNB complexes, in accord with previous findings in pellets. lO,15 The CT-band maxima of TNF complexes occur at slightly longer wavelengths because TNF is a better acceptor than TNB, in agreement with theory.24 The electron affinities of TNB and TNF are estimated to be 0.7 and 1.0 eV, respectively.26 The CT bands are ill defined for TNF complexes and appear almost as shoulders submerged under higher-intensity intramolecular transitions. Figure 3 illustrates the absorption spectrum of indole-TNF which yields the best resolved spectrum among the studied TNF complexes. Indole is considered to be a 7f' donor,27 as are the other aromatic hydrocarbons.
Crystalline TNB and TNF complexes are similar to other CT complexes in that they fluoresce very weakly at room temperature. 12 ,13 The large Stokes shift is attributed to the difference in equilibrium RDA for the ground and CT state and the very large binding energy in the o.PE relative to the o.PN state. The fluorescence spectra are broad, structureless, and possess similar bandwidths to those found in absorption. The TNF complexes have the higher fluorescence quantum yield, as seen from sures are summarized in Tables I and II complexes at high pressures. The same is not true for the emission process because the shallow ground-state potential curve may differ considerably from complex to complex. The size and orientation of the donor relative to the acceptor appear important factors in determining the magnitude of ~vc"'. The fluorescence red shift appears to be largest for complexes in which the molecular size of the two components are similar. A smaller pressure dependence and a smaller blue-shift contribution of the CT forces is expected for those complexes in which the orbital overlap is already favorable at 1 atm. In stilbene and substituted anthracene complexes, pressure may affect the resonance interaction (302/(E 1 -Eo) considerably upon compression, thereby depressing the UN(R) curve at R<RDAe q • Proportionately, greater CT interactions in these complexes results in a smaller net shift at higher pressures. The larger fluorescence red shift of TNF complexes relative to TNB complexes probably arises from greater solvent stabilization of the CT state for the carbonyl-containing acceptor. 
INTENSITIES AT HIGH PRESSURES
It is seen from Table I that the absorbance of the crystalline complexes increases by 1.3 to 2.0 at 25 kbar. This intensification has been observed so far for all weak complexes, in solid solution as well as in the crystalline state. It is easily explained by an increased orbital overlap at smaller R DA .26 For ~RDAN'"'-'0.12, A (P)/ A (O)'"'-'exp( -2~RDAN)'"'-'1.3. This value represents a lower limit because other terms in the oscillator strength expression also change under pressure, including orientation and relative size. Further, the extent of intensity stealing from the donor, if present, may be very susceptible to lattice deformations produced by high pressures. The bandwidth is a characteristic of the isolated complex and pressure has little effect on it even in the crystalline state. This is another reason why the absorption of weak EDA-complex crystals can be >-... discussed from the viewpoint of solid solutions, i.e., the relative slopes of the potential energy surfaces are not changed by environmental perturbations. Although more light is absorbed at high pressures, the fluorescence intensity is sharply decreased. This observation was established to be a pressure and not a photochemical effect, although the intensity did not return completely to its value before pressure cycling. No effort was made to remove oxygen from the pellets. Fluorescence is normally not very sensitive to oxygen, but it may have some influence on intermolecular CT processes.
A decrease in the fluorescence intensity was also observed for TePA complexes in polymethylrnethacrylate. le In other words, the smaller quantum yield at higher pressures may arise from intra-intermolecular processes in a "solution" environment as well as from crystalline-field phenomena. This view is supported by the difference of CT absorption and fluorescence polarization ratios2.4 which can be interpreted in terms of the closer approach of the donor and acceptor molecule after excitation· and the formation of a localized exciton within the deformed crystalline lattice. z Both higher temperatures 2 and higher pressures diminish the quantum yield for CT fluorescence. Hochstrasser, Lower, and Reid 2 consider the sensitive temperature dependence as evidence for efficient quenching of the localized exciton by lattice motions. It appears probable that phonons in solid solutions as well as crystalline media participate in radiationless processes more efficiently at higher pressures. This is not true for aromatic hydrocarbons to which the rigid-lattice model is applicable. Increasing pressures do not diminish the fluorescence intensity of aromatics until excimer-like luminescence appears at higher pressures. 29 of CT fluorescence occurs via increased intersystem crossing or directly to the ground state is to be answered by future work.
In summary, the results of pressure perturbations on CT spectra are consistent with the prevalent view about potential energy curves of and charge-transfer processes in weak EDA complexes. The strong pressure dependence of CT forces, first postulated by Mulliken 24 in his valence-bond description of molecular complexes, has been confirmed. The Stokes shift is observed to decrease at higher pressures because the stronger CT forces at shorter distances give a larger blue-shift contribution to the over-all red shift for CT spectra of weak complexes. Higher pressures yield stronger ground-state complexes and weaker excited-state complexes which permit more efficient fluorescence quenching.
